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TECHNICAL NOTE NO. 519

VORTEX NOISE FROM ROZ!ATING CYLINDRICAL RODS

By E. Z. Stowell and A. I’. Dening .—

.

.’ sumARY ‘

A series of round rods of the same diameter were ro-
tated individually about the mid-poi,nt of each rod. Vor-
tice9 are shed from the rods when in motion, giving ris8
to the em.issi,on of sound. With the rot”ating system pla”ced “ -
in the open air, the distribution of sound in space-, the
acoustical power output, and the :pectral distribution
have been studied.. The frequency of em”ission of vo~ticei

. \ from any ~oint On the rod is shown to be given by the for-
mula of von Grm<n. From the spectrum estimates are made
of the distribution of acoustical power along the rod, the ‘-

-●. amount of air concerned in sound pro~uctioa, the f16quiva-
-...

lent sizeft of the vortic~, and the acoustical energy con- ‘“”-:.
tent for each vortex..

-1 IKTRODiJC!PIOif

The flow of air past stretched wires has been known
for many centuries to produce musical tones, and this
p~enomenon forms the basis of the ancient Aeolian harp.
This instrument consisted of a number of taut wires of
graduated lengths fastened to a frame. The device was
placeti in a location subject to strong drafts and a suc-
cession of pure tones resulted 5s the air spee”d changed in..- .—
magnitude.

.

The first investigator to examine this phenomenon was
StrOuhal (reference 1). He attached vertical wires to a

drum in such a way that they conll be rotated about an ax-

. is parallel to t-heir length.
——

He found the generated fre-
. quencies to be independent of the materi&l; -len~”th, and---

tension of the wire, and that t“~ey tie-pended only on the .
●. speed of rotation and the diameter of the wire. ““~he gen-”

crated freauency proved to be ..._—

?* f = 0.185 $ cycles ..:
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,.

where V is the relative v.el.o.city af the wire and the me-
dium and d is %he wire diameter.

Lord Rayleigh showed that the wire itself-partook of
the vibration to a slight extent, and that the oscillation
took place at right angles to the wind (reference 2). When
the wire was tuned to the frequency f, the sound was
greatly reinforced and the vibration perpendicular to the
wind increased. This condition oltains in the Aeolian
harp .

Von K&rm&n and Rubach.w.ere the first to sug~est a ra-
tional explanation of the singing gf wtres (reference 3).
Their investigation of the, $”tabilit;: of a row of vortices
shed frolm zm olstacle in an”air stream snowed that the ro~
could exist only tinder cetiain cohil.itions, vj z, if the
vorticss were released alternately :rom opposite sides of
the obstacle at such a rate” that the freqlmncy

f = 0.194. ; cyclesb

where the symbols ha-ro the sa”me significance as before.
Tile alternation of- release “accounts for the vibration of
the wires perpendicular to the air stream and the coeffic-
ient 0.194 is in good agreement tiith Strouhal ’s e~eri-
Inental value 0.1~50

.

Relf re-examined th’e whole question experimentally
with respect to vor,ttces (reference 4), He found that the
ireqnency of vortex formation” bbhind wires immersed in
Iiouids was given by t-he VOB K&rn&n formula; he repeated
the work of S“trouhal and obtained practically the same co-
efficient in the frequency forrmla.

Richardson tried obstacles of different shaped cros~
sections in liquids of widely different viscosities and
obtained substantially the same results (reference 5).

Fage and Johansen (reference 6), ‘jnv”estigating the
air flow behind flat plates, found the coefficient to be
close to 0.15 prb”vided that the quagtity d was ta.lcenas
the width of the plate projected perpendicularly across
the air stream.

Tyler, using a vibration galvanometers studied, the
frequency of vortex release behind cylinders, plates and

.“

.*
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ai~fails “in ‘air and i’nliquids (reference” 7) . His ‘“resu~ts”
with cyyinders showed “riothing’ new: For p~at’es-”h-e-”o>ti!ine~~
a coefficient” of 0.-158 ““a;nd’for ‘airfoils”, “0.150. ---~i-s””vti~:-

ue of the coeffi.cien’t ‘holds four aii“-airfo”il Orily when” it is”
:::ced at large angles to the air stream, say from 30° to

. Below 30°,,thq,coefficient v,ari.es,widely...,- ,,..
.’,-’. ....’. ,.

The von K&rm& frequency formula is thus well estab- -
li shed for nearly all shapes of obstacles, wj,th the excep -
ti.oriof” airfoils” at “tio”rmalitigles:o;f’””””at~aclc:.- ‘“ -.: __+

.. . .-

In the case of a full -sike propeller tilade; an &pp”re:L
c“iable fraction of” the tot”al ac~’ust.ica.1”power :“utput ar-ises
from the release of.vortices. Since a diffkr’snt” freguenti”y
is emitted for every radius, the resulting sound spectrum-:
is continuous from zero freou”ency t-o some” definite frequen-
cy at which the spectrum stops. .:.-’, ..

In order, to obt’ain information of “this type-of sound
under simpler condit~o”ns” than obta”in”ed with airfoils, a
study was made of the sound” “emiskion” fro’m “cylindrical rods”,.
rotated about their “mid-point. . ,.

. . .

EXPERIMENTAL ARRANGEMENT

,,, . . ,,.

One-half inch diameter: cylindrical’ro”ds we”re used.
The ends were cut off SaUarelY. The rods were divided in
the middle for ins.ertlo~ into a metal hub; f~om tip %0 tip
the lengths of the rods were ~2,”18, and” 24 inches.

The rods were mounted ina vertical,p~an-e”at t“h:eend
.,..

of a 36-inch h“oriiontal shaft; theywere d~iyen. by a 1/4- .
horsepower electri,c.motor”. T’he’entire system wa-s mounted .’”
on awooden frame at.a. heikht of about ?5feet from, the,
ground. With this arrangement, tip speeils Up to 50-60,me-
ters per second could be attained. The frame was placed
outdoors during the course o.f the experiments to eliminate
reflection from walls.

The sound was picked up by an electrodynamics micro-
phone and amplified in the conventional manner. Where
necessary, analyses were made. wtth the Y.A.C..4. analyzer
(reference 8) . The interpretation of such analyses where
the spectrum is perfectly continuous is to Eome ex”tent un-
certain; i.e., it is not definitely known whether a large
amplitude at a certain frequency on the record is actually
the result of a large sound pressure at that frequency or
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i.s the result of reg,ular$t~ of emission at. th%t
by comparison with ad.~acept.,fr.e,~~e-nc:ie?,,...,U,pt,i~.
information is available]. ;i,$T,431..b? .asgpe%- ig,
that the records give Qu.e s.o~nd,p~,ess?+res..I ~,..

,,.,,. .. .. . ....’. ... .....< .‘..,.. -.,-..

D ISTiI BUT ION” OF ““SOU”~D”iBOUk-”’~HE-’ROD’S
.....”....:.........- .

.. ..--,. .:..,.........’ .,

,fre.quency-
f,ur$her.,
this, paper

di stri,~ut.ion-eh~wn iP,:fig.ure 1...:,$’~,.is~type o.f.~ol.ar d3a-

gr,am would.:be ,expec”ted if. the.,vort.ices on ,the tw,o.fac.ea of
the rotation. disk,,wer:e”o.f oppo~~i..~~sign, $n accordance
with the vonl~a’rmaq. c9nc P.ption of vortex .pmlssion; de-
structive interference w.oul.d’.hati,e, its maximum effect in
the plane of rotation. .

All rotating syste~g..s~~y %>1s .~$?.tribution for vor-
tex noise provided that no o.bs$acle. of—appreciable s.iz.s.is
close “enough to disturb.. the ~iag.ram. . ~f, for. example, a
large driving motor is presen~. dire.c,tly behind the, ro.ta.t-
ing member, the diagram will retain the correct shape in
front but will be distorted toward the rear.,, .,.

.: ,.

ACOUSTI~A> ?QWER OU!?P~,T,. ,,,.
,. .,,. ,.,“ . ..-.

If the di”stributi%i of sound pressure about t~e’ rods
is assumed to be a perfect figure of eight, it becomes- ‘“’:’
possible to measure, the power output in sound from pres-
sure me,&surements at’ one” angular position, say along the
ax’~s”~f’ rotation.’ !l?he,total power output will then-be one
half of~”tlia”t.comput.ed’on the basis of a circular distribu-
tion,’ sin-cc the area of a figure of eight is one half that
of:.the %irc’u”rnscribed circle.’

,’

‘ Pr&’ssure measurements were’ taken along the axis of
rotation at distances of 1, 2, 4S 8, 16? 32$ and 64 feet
from the 18-inch rod rotating. 3,050 times a minute. The
product;”’of sound pressure and distance” s.ho:~ldbe a con-
stant’ if the inverse-square law is obeyed; this condition
must be satisfied in order that the equations for power
tfansmis$ion may apply. The table shows the behavior of
this product.

i
.-

1,.i
—

b

-.

*
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Distance, Sound pressure, ,Product, y“+:
r

# ,$
feet bars tars-f”eet * q~p ~?

:. b’
1 1.275”” “ 1.275
2 .863 1,?25 ‘:C+P #

4 .488 .- .1.95 #
8 .242 1.935

16 .l~o 1.92
32 .C825 2.64
64 .G375 2.40

The inverse~square law fs approximately obeyed be-
tween 4 and 64 feet, inclusive. .~hq mean value 6f the - ‘-”
product in this range is 2.179 bars-feet, or 66.4 %ais-
centimeter. A circ.ul~r distribution would yield a +alue -
of 66 microwatt for the power output. The true ptiwer in

— --

sound is therefore 33 microwatt at the speed used, 3,”U5CJ
r.p.m. .

“ Observations were taken of the sound pressure St a
distance of 6 feet in order to observe the e5fect of vary-
in~ the rotational speed. The results are sho”wfiin the
table.

Speed,
r.p.m.

980
1200
1400
1600
1800
2G@0
2200
2405
2620
2R30
3G35

S“ound
pressure,

bars

0.0075
.030
.045
.0675
.0?325
.120
●158

.203

.255

.316

.36G :

Acoustical
output,

microwatt
.-

—. - 0.0135
“.22
048

“1.09”” -.
. ..

‘1 .63
-–’ 3.46

is*Go
. “-10.OC ‘-

15.?5 —
:’-”24D0 -

-51.2.

A plot of this relation shows that the power output
in sound is proportional to the 5-1/2 power of the rota-
tional speed.

—.

Relative observations, were also made of the soun?i
-pressure from the 12-inch and 24-inch rods. The in-crease
in sound pressure with tip speed is shown in figure 2.
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.,-”””

The relation is’ .“. .“
,.. .

Power output in “sound = (constant) I (tip speed)s’ s
where T is” the length of the rod. Thus the- controllin~
factor that determine s the amount of sound is shown t~ be
not the rotation smee.d but the tip speed. j+oti~h%oi M~w,d#.

SPECTRUM 03? THE NOISE

Spectrograms of the vortex s’o’und-dbtaiziedwith the
N.A.C.A. sound analyzer are shown’ in fi@re 3. These rec-
ords describe the .frequenc’y distril)ution”of the sounfi when
the 24-Lnch rod was rotated at four rot”ati.onal speeds:
1,080; 1,250; 1,750; and 21250 ”r.p.m. The spectra all
show one maximum which moves out to’ higher frequencies as
the rotational speed increases.

Strouhal (reference 1), who wdrked with fine wires
stretched “around the circumference of a drum In such a way
that their motion was perpendicular to their length, found
that the generated frequency was given by

where V is the relative velocity of wire and medium and
d is the diameter of the wire.

A rotating rod’ should therefore generate all fh~quen-
cies frum zero to a maximum determined by the value of V
at the tip (neglecting the effect of the square ends) . The
maximum frequencies to be expected in the case of the rec-
ords in ffgure 3 are:

Rotational
speed, v ‘rnax’
r.p.m. cm /sec. cycles-—

1080 3460 532
1250 4000 615
1?50 5620 863
2250 7’,210 1105

,.

,..

,
,

I

I

I

A line has been drawn across the records at nmax ● ,.
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In all cases the lino is notic~~bly past the maximum am-
plitude ; it is evideht, neverttielefis, that the formula
gives the frequencies generated with fair accuracy.

-.

The form of the wave from any’ Kiven point on the rod
cannot be very complex for the spectra never- e%ten-d %e–yori~
the frequency 2 nmnx. The most tlat can be s-aid is that
tile wa%e” c-ontains a~ appreciable amount of the second har-

..monic.

As a further check upon the frequ.ency” foruulas , spec-
tra were recorded of the sound from all ihkee” ’rods,” rotat-
ing at the s~ae tip speed (5,040 ceatime~e~ per sec~) .

—.——._

2he expected maximum frequency should be the spine in all
cases, 780 cyc?es. Figure 4 shotis “the thre’e re”c-ofdsob-
tained; the spectra are seen to O-ccu’~-j‘~s Si3rne-~re-@i-enbi-- “-”
region. One feature of particular interest iti”-tlieiitirec-

.—_ __

orals is the g“ro”wthof the isolat~”d Srcq-uen’cy’‘S-t--theZ%f%
. of the record. This frequency is absant in “the cag~ of

the most g~cj~ly revolvin: rod. (24 incties 10+n”&~-.
-me.:18_

J“ inch rod shows a trnce of 70 cycl-es, twice the rev”oiuion”-
.. speed; whereas the 12-inch and mos”t rapidly rotatin~ rod

:=

exhibits a very pronouncefi component at 100- cycle~j--n~’”— -
twice the revolution speed. Tize am--lttude of this p~re
note eviier.tly d.egend.supon ‘t-nero”tatio~al a-ridriot tiie tip
speed? In both casss where the ‘ncte was present, it-”~ati
inaud.i~le. .

—— .-—

The spectra observed with rods of l/4-inch insiead of
l/2-inch diameters were tio side “shape, ‘hit the freqii&n~-
cies were twice as great, in agreement with the Strouhal
formula. —

s?)ec~lly designed rods were constructed with a small
cylindrical se~~ one portion of ?%e rod only, the
rezn~tnd,er being thiniler and of =, ~hapo ~reducc drag. It
vas ‘hoped by snch means to obtatn a more o-f–”i.-essis-olat6~-
pedc in t~-e spsctrum corresponding to th.e~emission of a
very narrow band of freq-tieliciesfrom ‘the-c~liridrica~” por-
tion. Ttiis peak voi!.d..permit a mor~ exact verification of
the frequency formulas. All such attem~ts were u~succe@&- ‘“-”
If , In no case was a large eno~~@ peall fovm~ar the
exgectad positton to ascribe it, without” qucstioni” to the
action of the cylinder--- “Until furt-ner “information-is
available, the fornmlas Qal-, therefore, be taken es cor-
rect.
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PRESSURE FIELD ABOUT TEE ROD

.,.
i

If the Strouhal-von Ka’rm@~nformula is telcen as cor-
rect. for every point on the rod, it becomes. evident that

::::”~a
considered now as u fnnction of dis-
must be c~ely associated with the

d+istr:b_ution of pre_~su~.e‘a~
_—...-— ...—

Q..W...-tier oC.m ..~~”n..rno:.tLon.

Accordingly, the pressure fields surrounding the rods
were st~dietl with a microphone a short distance from the
rods. In order to diminish the effective area of the sni-
cr.opnon.eand obt-a.inmore exact point-by-point pressure
readings, a cap was fitted ovor the microphone completely
enclosing it. and a short tube was fitted into the cap. The
open end ‘of the tube was then used as the pressure probe
to replace the microphone. The open end of- t-he tube was
kept at a fixed distance from the plane of rotation.

The variation of the pressure field at any point for
any rod is shown in figure 5. Tile magnitude of the pres-
sure variation is proportional to. the 1.36 power of tile ‘
rotational speed.

Tne distributions of pressure a.lorigthe 12-inch rod
for four speeds are shown in figure 6. In ascending order
the speeds are: 1,500; 2,250; 2,700; and 3,500 r.p.m. The
maximum pressure at the highest speed was 11,150 bars. The
position of maximum pressure gradually shifts away from
the tip as the speed is raised.

Similar data taken with the other two rods show the
existence of the following relation:

pressure at x = constant ~o.,76 nl,35
(

Xp ~?
lj

where x is linear distance measured from the hub, The

(

.2

function ~(~) may be Elof the general form e-k ~, . The

exact form of (p(;) i~ indeterminate to the exte~t that

our knowledge of the accuracy of the frequency formula is
incomplete; i,e., the length of rod is a rather indefi~lte
quantity with respect to the extent of the pressure ffeld.

A comparison of the curves ofi-~lgure 6 with the spec-
tra of figures 3 and 4 shows a qualitative similarity be-
tween the pressure field ad sound pressure, considered as
fUnCtiOn8 Of X.

!

1

I

*

,

●✍

.
.’
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DISTRIBUTION Ol? ACOUSTICAL POWER ALONG ROD.,,. ..

It is known from a previous section that the 18-inch
rod when rotating about 2,800 times a minute emits about
24 microwatt in sound. It should be podsi%le- to effect a
d.ivisibn of this power anidng the-frequency bands, and”””so
distribute the power as a function of distance alon-g the .-

rod.

A difficulty immediately arises owing to the fact
-—

that the spectrum a.p~ears continuous. Any section of the
rod large enough to includ-e a“vortex” ~ould therefore ap-
pear to be the source of an infinite amount of acoustical
power. The difficulty is only apparent, however, as may
be seen from the f“oll-owiiigargum”eat. The release of a
single vortex is accompanied “%Y a singlS pressurti”7iisturb-
anceo Both phenomena are i.ndepen’de-n~to“fhappenings imme-
diately adjacent to the released vortex; the “result 3s “-
that the emitted sound. is not composed of regular wav”e’ -
trains but of isolated pressure impulses. -,From instant to
instant the configuration o“fvortices on the rod changes
in an irregular fashion, with the result that over a peri-
od of time required for the analyzer to pass its own band
width a sound pressure appears at all possille frequencies
in the i~nd. Thus more sound ,appears 10”’h.aiiebeen emitted
than was actually the case.

...._..
..

In order to reduce the spectrum actually obtained to
an equivalent spectrum that would .be obia~ne-d. if the ei5is-
sion took place in wave trains, it is necessary to divide
the recorded spectrum into ,frequency bands of such a width
that the sum of the pressures found in the middle of the
bands will equal the total pressure measured by a micro-
phone. The band width necessary for thi~ purpose is a
measure of the slowness of c-hange of the vortex configura-
tions and may be determined by trial and error...

In this way it may be determined that a ~a~d width of
about 50 cycles will yield correct Valties of power per
band within experimental error. Table I shows the distri-
bution of numerous quantities along the rod from-hub to
tip, all based upon a 50-cycle band width for the power
distribution. The values for. acoustical power are for the
band width of 25 cycles on each si”de of the frequency in
the previous column.. The sum of all the powers is 25.09
microwatt , a difference of 4 percent from the ~o~al as “““--
determined by a microphone. A slightly different band

Q._



.

.—

10 N.A. C,A. Technical Note No; 519

.- -f

width could be found such “th”it”the. sum of the powers would
amount to exactly 24 rnicrowatts but the accuracy of power .
measurement does not justify such a procedure. ..

A division of the power output in any band by the
mean frequency over the band will yield a“value for the
average sound energy associated with each vortex. Such

I

values tn.’ergs are shown In column 4. The energy per vor-
tex shows a “maximum’ at the same place where the power out-
put is a maximum, VIZ, at 0.7 the length of the rod. 1

I
APPARENT SIZE OF VORTICES

i

A knowledge of the acoustical output of any source
enables an estimate .to be made of the rate of introduction
of– fluid, in this case air, at the source. If a source i.s
emit-ting a power P at a frequency f,
the ground,

when located near

P
l-rP

=.7 fav2 ergs/secon&—

-where V is the volume of fluid used” per second.

P, the density of air,

c, the velocity of sound.

A solution for V yields

Values of the quantity V are tabulated in table I for
half the length of the rod,

It is evident that the volume of air per vortex may
be obtained by division of column 5 by the frequency.
Column 6 gives these values. Inspection of column 6 re-
veals the interesting fact that the volume of a vortex
does not change a great deal along the rad. Finally, an
idea of the order of magnitude of th& linear dimensions
of a vortex may be obtainod.by extracting the cube root
of the volume of a vortex. These ftgures are shorvn in
column 7. It is seen that from the hub out to 0.81 the
size of the vortices is nearly constant and of the order

.-

.
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.
of magnitude of a few millimeters. The size decreases

.-J
from this point to the tip, as far as can he judged from
the emission of sound.

. Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Vs., January 21, 19356
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Fractional
length
of rod

0.187
.234
.2s0—
.327—
.3’?4
420—.
.467—
.514
.561_—
.m7
.654

_ .701
.746—
.795
.S41—
.aav—
.935
.983

—1,030 —
1.075
1.I.20

TABLE I

ComputedValues of V

(TheEequantit.lm~ap@y to one half the total lengthof rod)

1

2 3

Wequenc~ Lcoueticd
cycles power,

microwatt

4 15

+--l---
Sound volume of
energy air used in

per vm%ex, sound
ergs emission

ZL cma/6ec.

O.000’iz 3.93

6

Volume of
one vortex

Cms

0.0200

7

Approximate
linear dimen-
sions of one

vortex,
cm

0.271

.00103 I 4.30 I .0171 I .258

050 I .7750 I .00912 I 6.79 I .0079 I .199

1.000 I .3175 I .00317 I 3.68 I .oa37 “1 .153

1;2Ml-+%--i ‘m04I ‘*” 1 .0011 .102

I
x2=
25.09
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Figu’e3.- &und apeotrei from a4-inohTo~●t fourrotational speeds.
Vertioal ltne Itiicat es oomputed frequenoy for tip.
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ma 4.- Sound epectra from three rods all rotnting at the same tip epeed. -
Vertioal line indioates ooquted frequenq for tlpm.
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rignm 6.- Preasure distribution along la-inchmd a$ fouz rotatioti speeus.


